OBJECTIVE: To validate a model for the prediction of Clostridium difficile cytotoxin assay results, and to identify a subgroup of patients with a very low likelihood of C. difficile -associated disease in whom the yield of routine cytotoxin testing is low.
lostridium difficile accounts for substantial morbidity in hospitalized patients and has been recognized to be the most common cause of antibiotic-associated colitis. 1 Disease associated with C. difficile is also costly. In one study, C. difficile colitis during hospitalization accounted for $2,000 in additional charges per patient. 2 Testing for C. difficile accounted for nearly 68% of total hospital charges associated with the laboratory evaluation of diarrhea in another study. 3 The most widely used method for diagnosis of C. difficile -associated disease is based on detecting a cytotoxin produced by C. difficile by means of a tissue culture assay. 4, 5 The yield of C. difficile toxin testing in hospitalized patients with diarrhea has been reported to be approximately 20% in patients hospitalized longer than 3 days. [6] [7] [8] [9] Other investigators, however, have suggested that approximately 40% of testing for C. difficile could be eliminated by using selective criteria. 10 Moreover, the yield of serial (repeated) tests for C. difficile toxin has been reported to be low. 11 In a retrospective study of consecutive patients who underwent first-time testing for C. difficile cytotoxin at a university medical center, where the overall prevalence of positive cytotoxin assays was 14%, Katz et al. developed a simple three-variable decision rule. 5 This rule identified a clinical subgroup at low risk of positive cytotoxin assay results (patients without the combination of antibiotic use within 30 days prior to testing and either a significant diarrhea or abdominal pain). This subgroup accounted for 37% of all cytotoxin assays performed.
Although the subjects of this earlier study had a broad range of symptoms and exposure histories, they were predominantly white and were treated at a rural, tertiary-care medical center and an affiliated veterans hospital. The testing patterns identified in the earlier study may differ from those in other practice settings. As prospective validation of prediction rules is advisable (ideally at other sites) before they are used in clinical practice, 12, 13 we undertook the present study to validate the above decision rule for identifying a patient subgroup with a very low likelihood of positive cytotoxin test results and C. difficile -associated disease.
METHODS

Study Population JGIM
pitals that provide primary care and subspecialty services in the Boston (Mass.) metropolitan area. Of the 839 patients screened for inclusion in the study, 230 were excluded for at least one of the following reasons: diagnostic testing for C. difficile on an outpatient basis prior to admission (107 patients); treatment for presumed C. difficile -associated disease within 3 months prior to the test date (31 patients); high suspicion of recurrent or relapsing disease, defined by history of a positive cytotoxin assay within the previous 3 months (19 patients); age less than 18 years (66 patients); missing or incomplete medical records (4 patients); and final cytotoxin test result already reported at the time of data collection (3 patients). The decision to order a diagnostic assay for C. difficile was made by the patient's clinician.
Stool Cytotoxin Assays
All stool specimens at both hospitals were promptly refrigerated at 4 Њ C. Assays for stool cytotoxin were generally set up within 24 hours of receipt in the microbiology department of each hospital. Cytotoxin testing was based on the procedure of Chang et al. 4 Positive test results were defined by typical cytopathic changes (i.e., rounding of cells, stringing of cellular processes) in the cellular monolayer found over a period of 48 to 72 hours. All positive test results were verified by demonstrating neutralization of cytopathic effect by antitoxin.
Data Collection
The dependent variable of interest was the final C. difficile cytotoxin assay result. All test results were obtained directly from the department of microbiology at each hospital. The unit of evaluation was the diarrheal episode, the onset of which was defined as the time that a change in bowel habit was first noted. The index date refers to the submission date for the first stool sample during this period. Subsequent stool samples were not considered in our analysis, as the yield of positive assays was much lower for this group of specimens compared with first submitted specimens. 11, 14 Demographic data included age and gender. Other descriptive data included primary admitting diagnosis, duration of hospitalization up to the date of testing, hospital service (e.g., medical vs surgical), and level of care (e.g., intensive care unit vs general care unit) at diarrhea onset. Laboratory data included the white blood cell count obtained closest to the time of sample submission. Leukocytosis was defined by the presence of an elevated white blood cell count ( Ͼ 10 ϫ 10 9 /L), and was coded as "missing" if the test had not been ordered within 48 hours before the index date.
Significant diarrhea was defined as the new onset (within 30 days) of at least three partially formed or watery stools, 1 L of colostomy output, or more than 200 ml of watery rectal bag output, 15 documented by nursing or physician staff within a 24-hour period. In cases for which nursing notes indicated "multiple" or "several" loose stools without further quantification, we assumed that the patient had significant diarrhea. Abdominal pain was defined as discomfort during the diarrheal episode that was crampy or aching in quality (in contrast to postoperative incisional pain, dyspepsia, or nausea), and was coded as "unknown" for patients who were unresponsive, aphasic, heavily sedated, or otherwise impaired in their ability to communicate pain.
Data regarding antibiotic therapy included prior antibiotic therapy (use of any antibiotic within 30 days of the index date, including antibiotics for which no association with C. difficile -associated disease has been reported), and class of antibiotic (e.g., penicillin, aminoglycoside, cephalosporin, sulfa, quinolone). In assessing prior antibiotic use, we included exposure to chemotherapeutic agents with antimicrobial properties (e.g., doxorubicin). 16 Preadmission antibiotic use was obtained from the admitting history, records from referring hospitals, and outpatient clinic notes. Data regarding other potential causes of diarrhea included use of magnesium-containing antacids, as well as laxatives, stool softeners, or phospho-soda enema. These items were considered contributory causes of diarrhea if present within 24 to 48 hours prior to or concurrent with the index episode of diarrhea.
The hospital charts of all adults reported to have had C. difficile cytotoxin assays were reviewed on the date of specimen submission or shortly thereafter by one of the investigators. All evaluations were performed before the cytotoxin test results were reported. Data forms were spot checked for accuracy; missing data or questions regarding specific items prompted review of the medical record by one of the other investigators. Disagreements between reviewers were noted and resolved by consensus.
Interpretation of Positive C. difficile Test Results
For cytotoxin-positive patients, we presented a composite sketch (including reason for hospital admission, antibiotic exposure, gastrointestinal symptoms, other medical causes for diarrhea, results of diagnostic workup, and response to specific therapy, if any) to a panel of three experts on infectious disease who were blinded to model predictions. Guided by a modified definition of C. difficileassociated disease previously used in clinical studies, 17 each of these experts independently judged each positive test to represent either a true-positive or a false-positive result. If all three specialists agreed on a result, it was classified as a definite true-positive or definite false-positive result. If only one or two specialists considered the assay result to correspond to true C. difficile -associated disease, the assay was considered a possible true-positive result.
Data Analysis
Each predictor was assigned a score based on the previously derived model. Specifically, the ␤ coefficient for each predictor was divided by 0.63 (the coefficient for abdominal pain, which was the weakest predictor), and rounded to the nearest integer. (The intercept and [2.20] .) The risk score for each patient was calculated by assigning points for each factor present and summing the results. Model accuracy in discriminating between patients with and without a positive assay in the validation set was compared with that in the derivation set using receiver-operating characteristic (ROC) curve analysis. 18, 19 Calibration curves were constructed to assess the correlation between observed and predicted probabilities of a positive cytotoxin assay over the range of predicted probabilities.
RESULTS
Of all eligible adult inpatients whose stool was tested one or more times during the study period, 8% had one or more positive tests. Of the clinical criteria conventionally associated with C. difficile colitis, prior antibiotic use and significant diarrhea were documented more frequently in test-positive patients, but there was no significant difference in the proportion of test-positive patients and testnegative patients with abdominal pain (Table 1) . Moreover, test-positive patients were more likely to have received antibiotics prior to admission or transfer and were also more likely to have reported onset of diarrhea prior to admission to study hospitals (13% vs 7%, p ϭ .05).
Model Evaluation
The model successfully stratified patients according to likelihood of cytotoxin positivity and disease (Table 2) . Based on these data, we considered patients with a total score of 3 or less (i.e., those without both previous antibiotic use and at least one symptom predictor) to be at low risk of cytotoxin positivity; 179 (29%) of 609 study patients were in this category. When ROC curve areas for the model were compared in the derivation and validation sets, the area in the derivation set was 0.69 and the area in the validation set was 0.64; this difference in ROC curve area was not statistically significant. Calibration curves demonstrated excellent agreement between observed and predicted values (Fig. 1) .
Our model misclassified one patient who was predicted to be at low risk but was judged to have C. difficileassociated disease by at least one expert (1/179, false reassurance rate ϭ 0.6%). This patient was admitted for management of dilated cardiomyopathy and had received both ceftazidime and clindamycin. While in the hospital, she received a stool softener and developed mild diarrhea, which did not satisfy our definition of significant diarrhea and was not associated with either abdominal pain or leukocytosis.
DISCUSSION
Application of a simple decision rule to identify lowrisk patients in our study population (order test if both prior antibiotic use and either significant diarrhea or abdominal pain are present) could have potentially averted 29% of all cytotoxin assays in hospitalized patients who had not received previous testing or treatment for C. difficile, compared with 37% in the derivation set. Based on 1993 billing data, this reduction in first-time assays could translate into a yearly savings of approximately $12,000 for each hospital (320 tests at $37.50 each), if current testing patterns remained unchanged. Using this decision rule, only five low-risk patients (3% of our study population) would have been incorrectly predicted to be test-negative, when in fact they were test-positive. Of these five false-negative case patients, only one was judged to have C. difficile-associated disease by a panel of experts.
Other investigators have used a combination of clinical and laboratory criteria to predict C. difficile test results. On the basis of four variables (hospital stay of at least 4 days, loose stool, erythrocytes or leukocytes seen on direct microscopy, and history of exposure to antibiotics or cytotoxic therapy), Bowman and colleagues determined that 17% of first stool samples received from inpatients and outpatients did not qualify for routine testing of C. difficile. Of those cases in which testing was not indicated, 3.6% of cultures were positive. 20 In a recent study, Manabe et al. reported that cephalosporin use, the presence of semiformed stool, and the presence of fecal leukocytes were independently predictive of C. difficile toxin results. 14 Our study has the important advantage that it used clinical criteria alone to define a patient subgroup at very low risk of C. difficile-associated disease. Using clinical data alone is much more practical and economical than using one or more laboratory tests to decide whether or not to perform others.
Our analysis confirms the strong association between cephalosporin use and cytotoxin positivity reported by other investigators. 14, 17, [21] [22] [23] [24] Although our local experience revealed cephalosporin use to be predictive of cytotoxin results in both the validation and derivation sets, others have demonstrated associations for different classes of antibiotics, [25] [26] [27] and have shown reduced rates of C. diffi- cile-associated disease when the usage of these antibiotics was restricted. 28 Thus, to enhance the generalizability of our models to other hospital settings, we did not present models including specific antibiotic variables (e.g., prior cephalosporin use) in the current study. We also found that an increased peripheral white blood cell count was significantly associated with a positive cytotoxin test result, as reported by others. 29 In the current study, a model substituting leukocytosis for abdominal pain demonstrated test performance comparable to that of the original predictive model (data not shown). Such an alternative rule for test-ordering decisions may be particularly useful for those patients in whom abdominal pain is unknown or otherwise not evaluable. However, because leukocytosis could not be adequately assessed in the derivation set owing to missing data, this alternative model requires further validation in an independent study sample.
Several variables that have been implicated in previous studies, such as fever, 25 severity of illness, 17 or hospital ward, 27 were not included in our predictive model. In the derivation set, 5 both maximum temperature (on the index date) and comorbidity score were nearly equivalent for testpositive and test-negative subjects, and thus were not assessed in the current study. Although some hospital units had episodic clusters of cytotoxin-positive cases, utilization of the cytotoxin assay remained relatively constant throughout medical and surgical units of both hospitals. Among patients who developed diarrhea while in the hospital, no clear patterns linking hospital service (e.g., medical vs surgical) or unit (ward vs intensive care) to cytotoxin assay results emerged. Our finding of high cytotoxin positivity rates in patients who developed diarrhea prior to hospitalization is consistent with reports that colonized patients who are new hospital admissions and transfers are a major source of C. difficile infection. 30, 31 Although there is no definitive "gold standard" for the diagnosis of C. difficile-associated disease, the cytotoxin assay remains a valid marker of this disease. However, the following limitations of the test should be considered. False-negative tests may reflect undetectable quantities of cytotoxin in patients with early and mild disease, the production of toxins not identified by the assay, inactivation of toxin during transport, 32 and decreased toxin sensitivity of certain cell lines. 33 Positive tests in the absence of disease may occur in up to 5% of healthy adults and hospital control patients. 25, 34 The predictive models in this study showed limited ability to discriminate positive from negative outcomes (as indicated by ROC curve areas in the 0.6-0.7 range). However, they did accurately define a patient subgroup at low risk of C. difficile-associated disease, which is clinically most relevant. Moreover, we found excellent agreement between observed and predicted probabilities of C. difficile-associated disease, despite a significant difference in the baseline prevalence of cytotoxin-positive subjects in the two study populations. 35 An advantage of the validation set is that it included a more diverse group of patients than that of the derivation set. However, we emphasize that both the derivation and validation sets were limited to hospitalized adults; thus, the prediction rule was not designed to be utilized for test-ordering decisions in children and outpatients.
Choice of a more conservative cutoff for test ordering may be appropriate for some patients, such as the immunocompromised. Clinicians who have low treatment thresholds may still opt to order the cytotoxin assay even in patients predicted to be at low risk of cytotoxin positivity. 36 It is unlikely, however, that the benefit of performing large numbers of cytotoxin assays on all patients in this low-risk subgroup to identify a rare positive result justifies the associated cost, especially as an alternative strategy to immediate testing is continued observation, with the option to test for cytotoxin if there is no clinical improvement.
In conclusion, inpatients without prior antibiotic use and either significant diarrhea or abdominal pain are unlikely to have C. difficile-associated disease. Elimination of testing for C. difficile in this low-risk group would have reduced the number of cytotoxin assays performed by 29% in the current study. Physicians should remain vigilant in managing patients initially predicted to be at low risk, however, and reconsider testing for C. difficile if these patients fail to improve or worsen despite adequate supportive therapy (including the cessation of all nonessential offending agents). We emphasize that our decision rule was not intended to guide testing for C. difficile during outbreak investigations or related infection-control activities. With these caveats in mind, we believe that our decision rule can be used by physicians to develop more effective strategies for detecting C. difficile-associated disease in hospitalized patients with diarrhea and may result in substantial savings.
